Molecular phylogenies have provided strong evidence for clarifying the taxonomy of groups with ambiguous morphological traits, thus avoiding potentially misleading conclusions based on evolutionary convergence of these traits. For snakes, established molecular databases along with new sequences from rare species allows us to estimate phylogenies, to clarify the phylogenetic relationships and test the monophyly of most taxonomic groups. Using one mitochondrial gene and five nuclear loci, we evaluate the taxonomic status of a rare Southeast Asian serpent, the Rainbow Tree Snake Gonyophis margaritatus (Squamata: Colubridae) by inferring a molecular phylogeny of 101 snake species. Both maximum likelihood and time-calibrated Bayesian inference phylogenies demonstrate that G. margaritatus is sister to Rhadinophis prasinus, previously considered to be part of a radiation of Old World ratsnakes. This group is in turn sister to a group containing Rhadinophis frenatus and Rhynchophis boulengeri with the entire clade originating in the mid-Miocene (~16 Ma) in Southeast Asia. This group is sister to the genus Gonyosoma and together originated in the early Miocene (~20 Ma). We discuss three potential solutions towards eliminating polyphyly of the genus Rhadinophis, but recommend using the genus name Gonyosoma for all species within this clade, which currently contains all of the species within the genera Gonyosoma, Gonyophis, Rhadinophis, and Rhynchophis.
Introduction
The importance of using phylogenetic trees to uncover genealogical relationships and properly construct a taxonomy of organisms cannot be overstated (de Queiroz & Gauthier 1992) . The development of DNA sequencing technology has increased the available genetic data for phylogenetic inference and the development of modelbased statistical methods, such as maximum likelihood and Bayesian inference, which has enhanced the reliability of reconstructed phylogenies (Meyer & Zardoya 2003; Yang & Rannala 2012; Danforth et al. 2013) . Using molecular data to examine phylogenetic relationships provides evidence to clarify systematic ambiguities from morphological characters and helps avoid misleading relationships due to convergence of morphology (Wiens et al. 2010) . Therefore, an abundance of molecular data with information from independent loci is able to provide strong evidence to assess taxonomic composition and test monophyly (Hillis 1987; Mishler 1994; Townsend et al. 2008) .
The last decade has seen an incredible rise in the use of molecular phylogenies to examine relationships in snakes, assess biogeographic origins, understand processes of adaptive radiation and ultimately correct taxonomy with regard to paraphyletic and polyphyletic groups at multiple levels (Wüster et al. 2008; Zaher et al. 2009; Pyron et al. 2011; Burbrink et al. 2012; Pyron et al. 2013) . The phylogenetic position of groups at moderately deep levels (e.g., subfamily) appears to have stabilized with regard to content and relationships, however the inclusion of new taxa have questioned the traditional composition of genera and tribes (Chen et al. 2013a; Guo et al. 2013) . As genetic databases grow, especially with the addition of sequences from rare snake taxa, we are able to reassess phylogenetic relationships and taxonomic placement more thoroughly (Huang et al. 2012; Chen et al. 2013b) .
The rare, semiarboreal Rainbow Tree Snake, Gonyophis margaritatus, ranges throughout Malaysia, Singapore and western Indonesia (Kalimantan) in Southeast Asia. The habitat of G. margaritatus is reported as primary forest from low elevations up to 700 m, however information regarding life history is scant due to infrequent encounters (Das 2010; Schulz & Gumprecht 2013; Uetz 2013) . This species was first described as Gonyosoma margaritatum by Peters (1871) , based on morphological similarity to Gonyosoma oxycephalum. Boulenger (1891) created the new monotypic genus Gonyophis and changed the name of this species to Gonyophis margaritatus, distinguishing it from Gonyosoma using further morphological evidence (Boulenger 1891 (Boulenger , 1894 . Currently, this species is placed in the family Colubridae, subfamily Colubrinae (Lawson et al. 2005; Zaher et al. 2009 ). To our knowledge, a phylogenetic tree of Colubrinae using G. margaritatus has never been generated and there are no newly informed hypotheses regarding the placement and taxonomy of this species with respect to other colubrines (Pyron et al. 2011; Pyron et al. 2013) .
In March 2013, an adult G. margaritatus was found at the Borneo Highlands Resort, Kuching, Sarawak, Malaysia by KN and MM. A scale sample was taken and preserved, the specimen was photovouchered (Fig. 1) and released. Here, using six concatenated genes (one mtDNA and five nuclear) and 101 snake species, we investigate the phylogenetic position and date of origin of G. margaritatus. Results are robust for both maximum likelihood and Bayesian inference methods and we discuss the implications of these updated taxonomic hypotheses on related genera.
Material and methods
We extracted DNA from our G. margaritatus tissue sample using the standard protocol included with QIAGEN DNeasy Kits. Six genes were amplified and sequenced including one mitochondrial gene (cytochrome b Table S1 . We included sequences from 94 taxa representing the main families of Colubroidea and subfamilies of Colubridae (Xenodermatidae, Pareatidae, Viperidae, Elapidae, Lamprophiidae, Natricinae, Dipsadinae, Calamariinae and Colubrinae) and six outgroup taxa including Acrochordus granulatus, Boa constrictor, Cylindrophis ruffus, Xenopeltis unicolor, Anilius scytale, and Tropidophis haetianus in our dataset for phylogenetic reconstruction. Gene sequences were downloaded from GenBank and we sequenced missing loci for the taxa where tissue samples were available (taxa names and GenBank accession numbers for each gene are listed in Appendix Table S2 ). Sequences were aligned and edited in Geneious Pro 4.7.5 (created by Biomatters. Available from http://www.geneious.com/ ) using the MUSCLE algorithm with default parameters (Edgar 2004) , and ambiguities were checked manually. Protein-coding gene sequences recovered from cyt-b, c-mos and RAG-1 represented open reading frames and were free from stop codons. Dataset completeness is reported in Table 1 . Where possible, we used multiple individuals of each species with available vouchers to ensure that any problems with basic identification were avoided. We first estimated substitution models for each gene using the program jModelTest 2.1.2 (Darriba et al. 2012 ) based on Bayesian Information Criterion (BIC) values (Guindon & Gascuel 2003) . Next, a Maximum Likelihood (ML) tree was constructed and assessed for nodal support with a rapid bootstrapping algorithm using 1000 nonparametric bootstraps in the program RAxML v 7.4.5 (Stamatakis 2006a; Stamatakis et al. 2008) by partitioning genes and codon positions for protein-coding genes under the GTRCAT model (Stamatakis 2006b ). Relaxed phylogenetic methods were used to infer a time-calibrated phylogeny in BEAST v1.7.5 (Drummond et al. 2006; Drummond et al. 2012) , running two analyses for 200 million generations each with sampling frequency every 20000 generations, partitioning the substitution model and relative rate among genes and linking the clock and tree model for each gene. We implemented uncorrelated lognormally distributed, branch-specific rates under a birth-death process and discarded the burn-in after checking for effective sample size scores higher than 850 in Tracer v1.5 (Rambaut & Drummond 2007) . Six time calibrations were used with lognormally and normally distributed priors to date the phylogeny ( Table 2 ). The range of stem-group age of Colubroidea is from 48.6 million years ago (Ma) based on the oldest known colubroid Procerophis sahnii (Rage et al. 2008) to 95 Ma based on the upper boundary estimated in . The range of stem-group age of Colubridae is from 33.3 Ma based on the oldest known colubrid Texasophis galbreathi (Holman, 1984) to 65 Ma, the upper boundary estimated in . The information from four other calibrations was taken from Holman (2000) : The date of the most recent common ancestor (MRCA) of the Lampropeltini ranged from 11.4 to 37.1 Ma with a mean of 20.6 Ma based on the oldest known putative lampropeltinine, Pseudocemophora cf. antiqua. The mean date of the divergence between Pantherophis and Pituophis is 15.5 Ma (9.5-25.3 Ma) based on the oldest known ratsnake, Elaphe (Pantherophis) kansensis. The divergence date between the genera Lampropeltis and Cemophora is based on the oldest known kingsnake, Lampropeltis similis with the mean date of 13.75 Ma (8.4-24.4 Ma). The date of divergence between Lampropeltis getula and Lampropeltis extenuata is 6.8 Ma (4.75-9.94 Ma), based on the oldest known fossils of L. getula and Lampropeltis (formerly Stilosoma) vetustum. These calibrations have been applied successfully to estimate divergence dates across various colubroid groups (Pyron & Burbrink 2009 .
Results
Using BIC, jModeltest selected GTR + Г+I as the best-fitting model for cyt-b and VIM5 and the model HKY+Г as the best-fitting model for c-mos, RAG-1, SPTBN1 and VIM4. The topology of the ML tree from RAxML is congruent with previous studies by Pyron et al. (2011) and Pyron et al. (2013) , which yielded strong support for most recognized families and subfamilies including Xenodermatidae, Pareatidae, Viperidae, Elapidae, Lamprophiidae, Natricinae, Dipsadinae, Calamariinae and Colubrinae. The optimization likelihood score of ML tree is -53837.94 and in this tree, G. margaritatus is sister to Rhadinophis prasinus and this group is in turn sister to Rhadinophis frenatus and Rhynchophis boulengeri with bootstrap values ≥92% (Fig. 1) .
The combined consensus tree topology from our two BEAST runs was very similar to our results from RAxML (Robinson-Foulds distance = 24; Robinson & Foulds, 1981) , supporting G. margaritatus as sister to Rhadinophis prasinus with posterior probability (Pp) support = 1.00. Rhadinophis frenatus and Rhynchophis boulengeri are sister species (Pp = 1.00) and are in turn sister to the G. margaritatus/Rhadinophis prasinus clade (Pp = 1.00; Fig. 1 
Discussion
Molecular phylogenies generated in this study provide evidence clarifying the phylogenetic placement of Gonyophis margaritatus. Results support the inclusion of G. margaritatus in the subfamily Colubrinae, congruent with previous conclusions based on morphological data. Both the ML tree and the BEAST results indicate G. margaritatus is closely related to three Southeast Asian taxa, Rhadinophis prasinus, Rhadinophis frenatus and Rhynchophis boulengeri (Fig. 1 ) and this group is sister to the genus Gonyosoma. Our phylogeny suggests that the four species are closely related, but with three generic names-Rhadinophis, and Rhynchophis, and Gonyophis. As such, these names currently convey little information to reflect the relationship of these taxa and, more problematically, the recovery of sister species pairs Gonyophis margaritatus/Rhadinophis prasinus and Rhadinophis frenatus/Rhynchophis boulengeri render the genus Rhadinophis polyphyletic. Thus, we revise the taxonomy of this group to better reflect evolutionary history and preserve monophyly. Three potential solutions for revising the taxonomy are as follows. Taxonomic Solution 1: According to our reconstructed phylogeny the Gonyophis/Rhadinophis/Rhynchophis species group is sister to the genus Gonyosoma, which currently contains two semi-arboreal species distributed in Southeast Asia (Fig 1; Uetz, 2013 ). Gonyophis margaritatus was originally described as "Gonyosoma margaritatum", implying this species has morphological similarities with the other species in genus Gonyosoma (Peters, 1871; Schulz & Gumprecht, 2013) . Additionally, Gonyosoma is similar in habits and range to each of the four species, which together cover East India, Myanmar, Thailand, Malaysia, Laos, Vietnam, Singapore, Indonesia and parts of Southern China (Fig. 1; Schulz 1996; Das 2010; Schulz & Gumprecht 2013) . Thus, we suggest merging the Gonyophis/Rhadinophis/Rhynchophis species group with genus Gonyosoma, and considering the priority of these genera, we keep the genus name Gonyosoma Wagler, 1828. This would eliminate polyphyly and create a genus with six known extant species, which is a similar number or indeed fewer species than are included in many colubrine genera (Uetz, 2013) .
Taxonomic Solution 2: All four species within Gonyophis, Rhadinophis, and Rhynchophis could be placed into a single genus. These species are all of relatively recent origin as compared to the other genera of colubroid snakes and share similar distributions in subtropical and tropical Asia. Thus, using a single genus for these four will solve the problem of polyphyly. According to the principle of priority by the International Code of Zoological Nomenclature (Fourth Edition), the genus Gonyophis is the oldest and first published in Boulenger (1891), while genera Rhynchophis in Mocquard (1897) , and Rhadinophis in Vogt (1922) follow. Thereby, genus Gonyophis would be used to replace genera Rhadinophis and Rhynchophis.
Taxonomic Solution 3: Preserve the original structure of genera and type species, but render them monophyletic by erecting a new monotypic genus for the lone species Rhadinophis prasinus. In this case, the generic names Gonyophis, Rhadinophis, Rhynchophis would be kept as monotypic genera. Unfortunately this scenario provides little evidence for defining the evolutionary history of the related group.
We prefer the first scenario where the generic name Gonyosoma is adopted for all relevant species, and suggest it here. While taxonomic decisions like these may be considered somewhat subjective, we propose it to be the sensible choice, given that other genera of snakes of similar age (~20 Ma) often have higher numbers of extant species (Uetz, 2013 ; Fig 1) . Additionally, we consider that under the single genus Gonyosoma, this system provides consistent taxonomic information for these six species, which are morphologically similar and found in comparable types of habitat distributed through Southeast Asia. The generic synonymy is indicated below. Species synonymized in genus Gonyosoma are listed in Table 3 . Diagnosis. The genus Gonyosoma is comprised of six currently recognized species (Table 3) , which form a monophyletic group based on Maximum Likelihood and Bayesian inference using six genes. Morphological characters for this genus are listed as follows: body size from medium to large (80 cm to 240 cm); body slender, compressed, head elongated and distinct from neck; relatively large eyes with round pupil; tail relatively long (20% to 30% of total length) and slender; various color patterns represented but generally displaying some green, yellowish or tan ground color; single preocular; postoculars two; mid-body dorsal scales rows 19 or 23; mid-dorsal scales smooth or weakly keeled; 186-257 ventral scales with well-developed lateral keels; 91-149 paired subcaudals; precloacal plate usually divided (some Gonyosoma prasinum populations remain undivided); primarily arboreal or semi-arboreal and mainly found in tropical rain forest or subtropical montane forest habitats; distribution extends from Southern China, Southeast Asia and South Asia; diurnal; oviparous (Schulz 1996; Zhao 2006; Das 2010; Schulz & Gumprecht 2013) .
Finally, our reconstructed phylogeny indicates that the two tropical clades comprising the genera Gonyosoma and Coelognathus are not closely related to the Old World and New World ratsnake assemblages as typically considered in the literature (Schultz 1996; Utiger et al. 2002 , Burbrink & Lawson 2007 , which currently includes the New World tribe Lampropeltini and the Old World genera Oreocryptophis, Archelaphe, Euprepiophis, Orthriophis, Elaphe, Rhinechis, Zamenis, Coronella and Oocatochus. Although Gonyosoma, Coelognathus and the ratsnake radiation group all originated around the early Miocene (~25-20 Ma), comparison of the species richness of the three groups shows obvious asymmetries in biodiversity (Gonyosoma = 6 taxa, Coelognathus = 5 taxa, and the ratsnakes = ~70 taxa), implying that the tropical Asian environment has not provided more opportunities for species divergence within these two genera or extinction has been elevated relative to the temperate groups.
Conclusions
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